Interleukin-7 (IL-7) is a master regulator of T-cell development and homoeostasis. Increased IL-7 levels are associated with inflammatory diseases. The aims of this study were to determine whether IL-7 is a biomarker for inflammatory conditions or an active participant in atherogenesis.
Introduction
Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in industrialized countries. This toll is expected to worsen because of a rising prevalence of CVD in developing countries and an increasing incidence of obesity and diabetes in industrialized countries. 1 Atherosclerosis is characterized by the infiltration of immune cells and the presence of lipid-enriched macrophages in the arterial wall and is a major cause of CVD. Both innate and adaptive immunity have been suggested to modulate the rate of lesion progression. 2 Despite its chronic progressive nature, this process is dynamic and can be reversed under some conditions. 3 Understanding the mechanisms of atherosclerotic lesion regression should help identify targets for treatment. Although atherosclerotic lesion regression is complex and the key processes are not well understood, some mechanisms involving foam cell emigration have † These authors contributed equally to this study. ‡ Present address. Center for Cardiovascular Sciences, Albany Medical College, Albany, NY, USA } Present address. Department of Genetics, Rutgers University, 604 Allison Road, Piscataway, NJ, USA been proposed. 4, 5 Interleukin-7 (IL-7) is an essential cytokine for T-cell development and a master regulator for T-cell homoeostasis. 6 There is suggestive evidence that IL-7-induced inflammation contributes to atherosclerosis; however, the pathways involved remain unclear. Interleukin-7 stimulates secretion of cytokines from peripheral blood mononuclear cells. 7 -9 Increased levels of serum IL-7 have been reported in patients with unstable angina 9 or coronary heart disease, 10 although others have reported IL-7 down-regulation in unstable angina. 11 Patients with rheumatoid arthritis (RA) have increased prevalence of CVD, 12 perhaps related to increased underlying inflammation, and IL-7 has been implicated in its pathogenesis. 13 In hypercholesterolaemia, monocytes are recruited through the activation of endothelial cells (ECs), differentiate into macrophages and develop into foam cells. 1 Interleukin-7 acts on ECs via its cognate receptor. 14 However, the possibility that IL-7 plays a role in atherosclerosis by mediating EC dysfunction has not been directly studied. We initiated this study to understand the mechanisms of atherosclerosis regression by long-term cholesterol lowering in Apoe 2/2 mice using a helper-dependent adenoviral vector (HDAd) expressing apolipoprotein E3 (apoE3). We next analysed the changes in gene expression patterns in the aorta by microarray using stringent statistical methods. 15 Unexpectedly, we found that IL-7 was one of three major gene transcripts affected by cholesterol lowering. To determine whether IL-7 plays a role in atherogenesis, we studied the effects of IL-7 on human aortic endothelial cells (HAECs). Interleukin-7 stimulated expression of cell adhesion molecules (CAMs) and monocyte chemoattractant protein-1 (MCP-1). The response was dose-and time-dependent, leading to enhanced adhesion of human monocytic THP-1 cells to HAECs. This up-regulation was mediated by phosphatidylinositol 3-kinase (PI3K)-AKT-dependent and -independent activation of NF-kB. Furthermore, elevated plasma IL-7 increased macrophagepositive cells in aorta, while lack of IL-7 in bone marrow (BM)-derived cells reduced migration of macrophage-positive cells to atherosclerotic lesions. Collectively, these results provide strong evidence for an active role of IL-7 in atherosclerosis.
Methods
An expanded Methods section is available in the Supplementary material online.
Animals
All animal protocols were performed according to the Guidelines of the Institutional Animal Care and Usage Committee at Baylor College of Medicine. The experimental designs for lesion regression 16 and other animal studies are shown in Figure 1 . 
Microarray analysis for gene expression profiling
The details for procedures and analyses are available in the Supplementary material online.
Cell culture
Human aortic endothelial cells were purchased from Lonza and maintained in endothelial cell growth medium (EGM) supplemented with EGM-2 BulletKit (Lonza Walkersville, Inc.). Endotoxin-free foetal bovine serum (FBS, Hyclone) was used for all cell cultures. For adhesion assay, HAECs were plated in a 96-well plate 1 day before the assay, and stimulated by IL-7 (R&D Systems) for 6 h before addition of 5 mM calcein-acetoxymethyl ester (calcAM, Molecular Probes)-labelled THP-1 cells. For inhibition of signalling pathways, HAECs were incubated with pathway-specific inhibitors for 1 h prior to stimulation by IL-7.
Other procedures
For immunoblot analyses, the membranes were incubated with mouse anti-intercellular adhesion molecule-1 (ICAM-1, 1.5 mg/mL, R&D Systems), rabbit anti-vascular cell adhesion molecule-1 (VCAM-1, 1:500, Santa Cruz), mouse anti-GAPDH (1:1000, Chemicon), rabbit anti-NF-kB p65 (1:300, Santa Cruz), rabbit anti-IkB-a (1:500, Santa Cruz), rabbit anti-phospho-AKT (Ser473) (1:1000, Cell Signaling), rabbit anti-AKT (1:1000, Cell Signaling), or rabbit anti-b-actin (1:1000, Chemicon), followed by incubation with anti-mouse or antirabbit antibody (1:3000) conjugated to horseradish peroxidase for detection by enhanced chemiluminescence (ECL) (GE Healthcare). For immunofluorescence, fluorophore-conjugated secondary antibodies (Invitrogen) were used. Interleukin-7 and MCP-1 protein levels were measured by ELISA (eBioscience).
Data analysis
Data are presented as mean + SD unless specified. Differences were determined by t-test for two group comparisons or one-way ANOVA for multiple group comparisons using SIGMASTAT (Systat Software, Inc.). Rank sum test was used where necessary and data are presented as median, 25 and 75th percentile. Statistical significance was assigned at P , 0.05.
Results

Gene expression profiling reveals that cholesterol lowering down-regulates interleukin-7 expression
A single i.v. injection of HDAd-gE3 into Apoe 2/2 mice led to stable restoration of plasma apoE3 levels (Supplementary material online, Figure S1B ) and normalization of plasma cholesterol (Supplementary material online, Figure S1C ). This was associated with a marked reduction in VLDL and chylomicron remnants and an increase in HDL fractions (Supplementary material online, Figure  S1D ). En face morphometric analysis of the descending aortas at 41 weeks after HDAd treatment showed a progressive 3.4-fold increase in lesion area in the empty vector (HDAd-0, n ¼ 6) group, but a total arrest of atherosclerosis progression in the HDAd-gE3-treated group (n ¼ 8) compared with baseline (n ¼ 10) (Supplementary material online, Figure S1E ). Quantification of lesion size by cross-sectional analysis of the aortic sinuses indicated an 80% increase in lesion size in the HDAd-0 group, compared with a significant decrease of 28% in the HDAd-gE3 group compared to baseline values (Supplementary material online, Figure  S1F ). Immunocytochemical and histological analyses revealed a stabilized plaque phenotype in the HDAd-gE3 group, compared with the baseline and HDAd-0 groups as indicated by decreased macrophage-positive cells detected by anti-Mac3 antibody, enhancement of collagen-rich extracellular matrix, and a thickened a-actin layer in the tunica media (Supplementary material online, Figure S2A -L). Vascular cell adhesion molecule-1 positive area was reduced in the HDAd-gE3 group, while relative calcium deposits were increased in both treatment groups (Supplementary material online, Figure S2M -T).
We next performed gene expression profiling of RNA isolated from the aorta by microarray analysis. The changes in gene expression during treatments leading to lesion regression have been reported to be rapid. 4 Apoe 2/2 mice fed a high-cholesterol diet for 30 weeks were treated with HDAd vectors and then sacrificed 10 days after vector treatment. Cholesterol levels in the HDAd-gE3 group (n ¼ 15) decreased from 16.3 + 3.30 mmol/L at day 7 to 4.80 + 1.70 mmol/L. The microarray data have been deposited in NCBI's Gene Expression Omnibus (http://www.ncbi .nlm.nih.gov/geo/query/acc.cgi?acc=GSE15914). A total of 339 genes were found to be significantly up-regulated and 121 genes down-regulated by the HDAd-gE3 treatment. To determine which pathways or gene networks were impacted, we performed functional profiling using Pathway Express and Ontology Express, and found that complement and coagulation cascades as well as CAMs were down-regulated, while adherens junction, tight junction, Wnt signalling, calcium signalling, and TGF-b signalling pathways were up-regulated ( Figure 2A ). However, after stringent statistical analysis 15 we found three gene transcripts that were influenced with the highest significance; a-actin and g-sarcoglycan were up-regulated, whereas IL-7 was down-regulated. The results were verified by qRT-PCR (n ¼ 5/group, Figure 2B ). The aortas used for microarray analysis were not available for further immunocytochemical characterization. We therefore analysed aortas used for regression study. Interleukin-7 immunoreactive protein in the lesion was significantly reduced in the HDAd-gE3 group (n ¼ 4) compared with the HDAd-0 (n ¼ 4) or baseline group (n ¼ 4) ( Figure 2C and D) . In contrast, a-actin immunoreactivity was increased in the HDAd-gE3 group (Supplementary material online, Figure S2I -L). The g-sarcoglycan immunoreactivity was not significantly different among groups (data not shown), suggesting that up-regulation of g-sarcoglycan is transient or not associated with changes in the protein level.
Interleukin-7 stimulates expression of adhesion molecules and monocyte chemoattractant protein-1 in human aortic endothelial cells a-Actin and g-sarcoglycan 21 are intracellular proteins expressed in smooth muscle cells (SMCs), while IL-7 is a cytokine that signals through the IL-7 receptor a-chain (IL-7Ra) and common gc receptor complex. Since the down-regulation of IL-7 was paralleled by the down-regulation of the CAM pathway ( Figure 2A and B), we hypothesized that IL-7 could act on ECs and impact the atherosclerotic process. Incubation of HAECs with IL-7 markedly increased the mRNA levels of E-selectin, ICAM-1, MCP-1, and VCAM-1, while IL-6 expression was not affected (n ¼ 4, Figure 3A ). In contrast to down-regulation of IL-7Ra in T-cells in response to IL-7, 22 IL-7Ra mRNA in HAECs was up-regulated.
ICAM-1, MCP-1, and VCAM-1 have been implicated in the recruitment of monocytes to ECs. 23 We characterized IL-7's action on these three genes in greater detail and found that up-regulation was dose-and time-dependent (n ¼ 4, Figure 3A and B). Interleukin-7 significantly up-regulated MCP-1 at 1 ng/mL, but higher concentrations were required to up-regulate VCAM-1 and ICAM-1 (Supplementary material online, Figure S3 ). One hour exposure of the ECs to IL-7 was sufficient to up-regulate the expression of these genes and maximal mRNA levels were observed after 3 h ( Figure 3B ). The increase in protein level was confirmed by immunochemical methods (n ¼ 3, Figure 3C and D).
The HAEC responses to IL-7 at the protein level took longer than those at the mRNA level, peaking at 6 h. The time course closely paralleled that of adhesion of calcAM-labelled THP-1 cells to HAECs (n ¼ 6, Figure 3E ).
Interleukin-7 up-regulates monocyte chemoattractant protein-1 and vascular cell adhesion molecule-1 but not intercellular adhesion molecule-1 via the phosphatidylinositol 3-kinase pathway
Interleukin-7Ra activation initiates at least two separate signalling cascades, the JAK/STAT and PI3K-AKT pathways. 6 To understand Interleukin-7 induces recruitment of monocytes induced up-regulation of MCP-1 and VCAM-1, but not ICAM-1 (n ¼ 5, Figure 4A ). These inhibitors had no effects on mRNA expression of MCP-1 or CAM's in the absence of IL-7 (data not shown). The effect was corroborated at the protein level by immunochemical analyses ( Figure 4B and C ). The PI3K is upstream of AKT, and AKT kinase activity is induced by phosphorylation upon activation of PI3K. Phospho-AKT was detectable 10 min after incubation with IL-7 and further increased up to at least 30 min. This AKT phosphorylation was blocked by pretreatment with LY294002 ( Figure 4D) . Moreover, inhibition of the PI3K pathway significantly reduced the adhesion of THP-1 cells to HAECs (n ¼ 6, Figure 4E ).
Up-regulation of intercellular adhesion molecule-1 and vascular cell adhesion molecule-1 is dependent on NF-kB activation
To investigate whether NF-kB activation is involved in IL-7-mediated up-regulation of CAMs, we incubated HAECs with NF-kB inhibitors. These inhibitors blunted the induction of CAMs and MCP-1 by IL-7 (n ¼ 5, Figure 5A and B). NF-kB activation requires a sequential cascade with IkB kinase (IKK-a/b)-dependent IkB phosphorylation, ubiquitination, degradation, and translocation of the cytosolic NF-kB complex to the nucleus to affect target gene expression. We examined the effect of IL-7 on IkB-a degradation by immunoblot analysis. Degradation of IkB-a in HAECs was observed as early as 10 min after addition of IL-7 and was essentially complete at 30 min ( Figure 5C ). When IkB-a is degraded, the NF-kB complex, including p65, translocates to the nucleus. We incubated HAECs with IL-7 for 30 min and performed subcellular fractionation. After incubation with IL-7, immunoreactive p65 decreased in the cytosolic fraction and increased in the nuclear fraction ( Figure 5D ). The relocation of p65 was further confirmed by immunofluorescence microscopy ( Figure 5E ). To determine whether IL-7 activates transcription of genes for CAMs via the NF-kB pathway, we constructed lentiviral vectors expressing luciferase driven by ICAM-1 or VCAM-1 proximal promoter. Interleukin-7 significantly stimulated ICAM-1 and VCAM-1 promoter activities (n ¼ 3, Figure 5F ). Therefore, IL-7 directly stimulates the promoter activities of these genes. 
Increased plasma level of interleukin-7 facilitates monocyte/macrophage migration to endothelium
To determine whether IL-7 impacts recruitment of monocyte/ macrophages to aortic endothelium in vivo, we produced HDAd-IL-7 expressing human IL-7 and injected it i.v. into Apoe 2/2 mice. It is known that human IL-7 is active in mice. 24 The plasma level of human IL-7 increased to 30.0 + 11.9 ng/mL in the HDAd-IL-7 group (n ¼ 6), whereas those in the HDAd-0 group (n ¼ 6) and in mice before treatment were undetectable (,0.8 pg/mL). Plasma cholesterol level remained unchanged in both groups; however, lymphocyte counts were increased in the HDAd-IL-7 group ( Figure 6A ). Aortas were harvested at day 7 for the analysis. The mRNAs for CAMs, MCP-1, and CD68 were significantly increased in the HDAd-IL-7 group (n ¼ 6/group, Figure 6B ). Circulating MCP-1 levels were correlated with the mRNA levels (n ¼ 5/group, Figure 6C ). Mac3 positive areas were also significantly increased in the HDAd-IL-7 group (n ¼ 6) compared with the HDAd-0 group (n ¼ 5) ( Figure 6D and E) signifying that more macrophages migrated to the aorta. We also analysed for T cells and tumor necrosis factor (TNF)-a, a marker for inflammation, in the aorta. T cells detected by anti-CD3 positive cells are increased in the HDAd-IL-7-treated mice (Supplementary material online, Figure S4 ). TNF-a mRNA expression and protein levels were significantly increased in the HDAd-IL-7 group (n ¼ 6/ group, Supplementary material online, Figure S5 ). Interestingly, a-actin mRNA and immunoreactive protein were markedly reduced in the HDAd-IL-7 group (n ¼ 5/group, Supplementary material online, Figure S6 ).
Lack of interleukin-7 in bone marrow-derived cells reduces recruitment of monocyte/macrophage to atherosclerotic lesions
Oxidized LDL (oxLDL) may play a key role in the proatherogenic effect of elevated plasma cholesterol. 23 To determine whether oxLDL can influence IL-7 production in any of the cell types present in lesions, we examined the effect of oxLDL exposure of HAECs, rat vascular SMCs, mouse peritoneal macrophages (PMs), and RAW264.1 macrophage cells in culture. Oxidized LDL up-regulated IL-7 in PMs and RAW264.1, but not vascular SMCs or HAECs (n ¼ 3, Supplementary material online, Figure S7 ). Therefore, part of the atherogenic effect of hypercholesterolaemia may be mediated by macrophage-derived IL-7. To examine the role of Interleukin-7 induces recruitment of monocytes macrophage IL-7 in lesion regression, Ldlr 2/2 mice were fed a highcholesterol diet for 6 weeks to induce atherosclerosis and then BM cells isolated from Il7 2/2 mice or wild-type littermates were transplanted. We used Ldlr 2/2 mice because the donor Il7 2/2 mice are wild-type for the Apoe and Ldlr alleles and transplantation of wildtype BM cells would markedly reduce plasma cholesterol in Apoe 2/2 mice but not in Ldlr 2/2 mice. A high-cholesterol diet was maintained for the rest of the experiment and mice were sacrificed for the analysis 20 weeks after BMT. The plasma cholesterol levels and blood cell counts were not different between the two groups ( Figure 7A and B) . Plasma MCP-1 levels were lower in the BMT-Il7 2/2 group than the BMT-Il7 +/+ group, though the difference was not significant (n ¼ 5/group, Figure 7C ). Although the lesion area in the BMT-Il7 2/2 group (n ¼ 6) was 26% smaller than that in the BMT-Il7 +/+ group (n ¼ 6), atherosclerosis progressed in both groups ( Figure 7D ). Therefore, we further characterized the BMT groups. Interleukin-7 positive areas (Supplementary material online, Figure S8 ) and the relative Mac3-positive areas ( Figure 7E ) in the BMT-Il7 2/2 group (n ¼ 6) were significantly smaller than those in the BMT-Il7 +/+ group (n ¼ 6). In contrast, a-actin positive areas were markedly increased in the BMT-Il7 2/2 group (n ¼ 6/ group, Figure 7F ). There was no difference in CD3 or TNF-a immunoreactivity between the groups (Supplementary material online, Figure S9 ).
Discussion
The most prominent features of regressing lesions are reduced macrophages and lipid content and preservation of collagen-rich extracellular matrix and a thick smooth muscle layer. Potential mechanisms by which macrophages disappear from the lesion include increased cholesterol efflux, reduced monocyte recruitment and emigration, 4 and reduced trapping of foam cells. 5 However, other cells may also be involved by creating an environment that favours lesion regression. To understand the process of regression, we established a mouse model of regression of advanced lesions and used it to identify genes involved in the early stages of lesion regression. We applied microarray analysis to whole aortas. This approach identified several pathways impacted by cholesterol lowering. The most prominent effect was found in the down-regulation of complement and coagulation cascades. Genes involved in cell -cell junction (adherens and tight junctions) were up-regulated, while CAMs were down-regulated. These results suggest that cholesterol lowering induces changes in gene expression, which in turn down-regulates a procoagulation state and reduces the recruitment and/or invasion of immune cells to atherosclerotic lesions. We did not find changes in expression of CCR7 4 or CD36, 5 two genes previously reported to be involved in foam cell emigration. The most likely explanation is that foam cells, whose expression of CCR7 or CD36 was impacted, might have already emigrated, or that our approach did not have the power to detect these changes. We also applied a mathematical method to minimize false discovery. 15 By this analysis, we found three genes most significantly responding to cholesterol lowering. Of these, IL-7 is a cytokine and thus could have a penetrating effect on many cells through the IL-7Ra. With pathway analysis, we considered the possibility of IL-7's action via ECs. Interleukin-7 induced the expression of CAMs and MCP-1, which are involved in atherogenesis because they facilitate the adherence of monocytes to ECs and their recruitment to the intima. 23 Upon exposure of HAECs to IL-7, the change in expression of CAMs and MCP-1 genes occurred as early as 1 h, a time course that correlates with the IL-7-induced adhesion of THP-1 cells to HAECs. We next demonstrated that up-regulation of MCP-1 and VCAM-1 by IL-7 involves the PI3K/AKT-dependent activation of NF-kB, while ICAM-1 is regulated by PI3K/ AKT-independent NF-kB activation. Therefore, the JAK/STAT mediated IL-7 signalling pathway, critical for T-cell survival or proliferation, 6 apparently does not mediate the IL-7-induced up-regulation of CAMs in ECs. Our results are in agreement with other reports that indicate the involvement of PI3K/AKTdependent and -independent activation of NF-kB in regulation of MCP-1 and CAMs in macrophages and ECs. 25 -27 In support of our interpretation that IL-7 leads to an inflammatory state, we found that HDAd-IL-7-induced circulating IL-7 stimulated CAMs and MCP-1 expression and enhanced monocyte/macrophage recruitment to the endothelium in vivo. Which cells are responding to cholesterol lowering with downregulation of IL-7? Patients with RA experience increased premature mortality as a consequence of CVD.
12 Intraarticular IL-7 is increased in RA patients and monocyte/macrophages have been implicated as a major cellular source of IL-7. 28 Moreover, our Interleukin-7 induces recruitment of monocytes results with oxLDL suggested that macrophages may be important sources of IL-7 in atherosclerotic lesions. To examine the potential role of macrophage-derived IL-7 in atherogenesis, we performed BMT and found that lack of IL-7 expression in BM-derived cells significantly attenuates monocyte/macrophage migration to atherosclerotic lesions, consistent with this cytokine playing a role in monocyte/macrophage recruitment to endothelium. However, atherosclerotic lesion size increased in both BMT groups, suggesting that lack of IL-7 expression in BM-derived cells per se does not induce lesion regression. Interestingly, an increase in circulating IL-7 reduced a-actin expression, while loss of IL-7 in BM-derived cells increased a-actin content in atherosclerotic lesions, indicating that IL-7 affects a-actin expression in aortas.
Despite the evidence presented in this study, there are limitations to consider in interpreting the present findings. It cannot be ruled out that IL-7 expression in BM-derived cells has no effect on atherosclerosis because the sample size was relatively small and mice were fed a high-cholesterol diet throughout the experiment, which could have blunted the effect of IL-7 deficiency. Furthermore, we did not study the effect of increased IL-7 expression in BM-derived cells. On the other hand, a role of IL-7 in recruiting monocytes/macrophages to ECs is supported by the fact that IL-7 stimulates expression of mRNAs for MCP-1 and CAMs in ECs. Nevertheless, our results expand our understanding of a role of IL-7 in atherogenesis and support the hypothesis that IL-7 is not a biomarker for inflammatory conditions but actively involved in atherogenesis via ECs.
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